It is very important to know the morphology and chemical properties of subscales of oxide layers on surface for controlling and understanding high temperature oxidation in electrical steel. In present work, the oxide layers were investigated by various methods of transmission electron microscopy (TEM) such as scanning transmission electron microscopy (STEM), nanobeam electron diffraction (NBD), energy dispersive X-ray spectrometry (EDS), and electron energy loss spectrometry (EELS). The high-angle annular dark field (HAADF) of STEM could be a useful analysis technique to study the morphology of the oxide layers. The main oxides formed in the subscales during the decarburization annealing were fayalite, iron oxides, and silica, which were identified by EDS, NBD and EELS. The crystalline fayalites were found both in the surface region within several tens nanometers and in the region within a micrometer surrounding silica, and the atomic configuration in the unit cell of the fayalite was presented. Amorphous silica was formed both in the upper region of the subscales with a spherical shape and in the interface between the spherical silica and the iron matrix with a lamellar shape. TEM could be useful technique to characterize morphologies, microstructures and elemental compositions of oxides, and to understand the oxidation mechanism for the manufacture of the high quality electrical steel.
Introduction
It is important to make the high efficiency electrical steel due to the global movement of energy saving and environmental protection.
1) The electrical steel is made up of about 3 mass% silicon and a majority of iron matrix for increasing specific resistance, and it should also have suitable carbon contents for making a thinner thickness until cold rolling process.
2) The containing carbon has to be reduced from the steel sheet because it results in magnetic aging.
3) Therefore decarburization annealing after cold rolling process is required in the production of electrical steel. Subscales of internal oxide layers were necessarily formed under the oxidation condition during decarburization annealing. 2, 4) The subscales are composed of fayalite (Fe2SiO4), iron oxides (FeO; wüstite and Fe3O4; magnetite), silica (SiO2), and iron matrix depending on temperature and oxidation potential (pH2/pH2O). 5, 6) After the decarburization annealing, steel surface should be coated with insulating materials in order to be used as electrical steel. Although it has several advantages that the steel surface were covered with insulation coating after removing the subscales formed during the decarburization, 7) the subscales are in general used as insulating materials in the commercial manufacture of electrical steel. 2, 4) Therefore, the steel surface are coated with insulating forsterite (Mg2SiO4) called "base coating" which is a reaction product of the subscales in the decarburization and magnesia (MgO) at a high temperature in the next process called secondary recrystallization after decarburization. 6, 8) The thickness and the adhesion of the base coating are of a great importance in order to obtain the electrical steel of good magnetic and surface properties.
9) The insulating coating layers are dependent on the various characteristics of the oxide layers in the decarburization step. And the oxide layers on surface are related to many oxidation conditions such as annealing temperature, gas atmosphere, and chemical composition of the electrical steel. 6, 8) Consequently, it is very important to know the microstructural characterizations such as morphologies, distributions, and crystal structures of the oxides for understanding the high temperature oxidation in the manufacture of electrical steel.
From previous investigations, there have been several analytical methods for the characterization of the oxide layers and the understanding of the high temperature oxidation in the electrical steel. The structural characterizations of oxides on surface were investigated by Fourier transform infrared (FTIR) spectrometry, 6, 8, 10, 11) electron Mössbauer spectrometry (EMS), 12, 13) and X-ray photoelectron spectrometry (XPS). 4) Glow discharge optical emission spectrometry (GD-OES), 4, 14) Auger electron spectrometry (AES), [13] [14] [15] [16] and secondary ion mass spectrometry (SIMS) 14) were used to analyze the compositions of the oxide layers in direction of depth. Morphology and crystallography of the oxides were surveyed by scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 2, 17) There have seldom been reports on the investigation of decarburized electrical steel sheets using TEM, even though TEM has been employed to study the microstructure and the crystallography in field of steel including the high content of silicon. [18] [19] [20] It is important to investigate microstructure, morphology, and distribution of the oxides in the subscale for understanding behavior of high temperature oxidation during the decarburization annealing of the electrical steel. 2, 4, 8) In this study, the oxide layers formed during the decarburization annealing were investigated by TEM. The morphology of the subscales was observed by high-angle annular dark field (HAADF) of scanning transmission electron microscopy (STEM), and the microstructure of oxides was characterized by high-resolution TEM (HRTEM). Crystalline phase and chemical composition of the oxides were identified by nanobeam electron diffraction (NBD), energy dispersive X-ray spectrometry (EDS), and electron energy loss spectrometry (EELS).
Experimental
Samples taken from a cold rolled coil composed of 3.1% Si, 0.11% Mn, 0.05% C and majority of Fe as mass% were annealed at the programmed temperatures of about 800-900°C in a 50% H2 and 50% N2 atmosphere with dew point at 55°C. The decarburized samples were prepared by focused ion beam (FIB; SII, SMI3050SE) milling for the TEM investigation of the internal oxide layers. Surface of the samples was coated by gold and carbon deposition for decreasing ion damages by energetic ions during FIB milling. The FIB-thinned samples were loaded into a TEM (JEOL, JEM-2100F) to characterize the microstructures of the subscales. HAADF and bright-field images on STEM mode and HRTEM images were obtained for observation of the microstructures and the cross-sectional morphologies of the oxide layers. In addition, NBD, EDS, and EELS were used to identify the phase and the elemental composition of the subscales.
Results and Discussion
To observe the distribution of various oxides formed on the surface of decarburized electrical steel, an SEM (Carl Zeiss, Auriga; equipped with an In-lens secondary electron detector) was employed. In an SEM image of Fig. 1(a) , the cross-sectional morphology of the oxide layers after the decarburization annealing of the electrical steel is shown, and Fig. 1(b) is a schematic illustration representing the distribution of various oxides. The SEM has been used to observe the overall morphology of the oxide layers, but it is difficult to study the microstructure and composition in the submicron and nanometer area with the SEM.
In Fig. 2 , a conventional TEM micrograph ( Fig. 2(a) ), a HAADF STEM micrograph (Fig. 2(b) ), and a bright field (BF) STEM micrograph ( Fig. 2(c) ) are shown at the same position of the subscales. Contrast of the conventional TEM image is similar to one of the BF STEM image, because both images are acquired using diffraction contrast of transmitted electron beam. It is possible to distinguish bright regions representing the oxides such as silica, iron oxides, and fayalite from dark regions representing iron matrix by STEM HAADF analysis compared with BF analysis, for it is well-known that an HAADF image is formed with atomic number contrast (called "Z-contrast") by Rutherford scattering effect. [21] [22] [23] The silica, which is majority of the formed oxides, was existed both in the upper region of the subscales with a spherical shape and in the interface between the spherical silica and the iron matrix with a lamellar shape. 4, 6) It is very important to know the morphology of oxides such as distribution and shape after the decarburization annealing of the electrical steel, that it could give more information on high temperature oxidation to observe Z-contrast STEM images of oxides using HAADF.
Four main constituents formed in the oxides layers during decarburization are fayalite ((Fe,Mn)2SiO4), silica (SiO2), iron oxides (FeO, Fe3O4) and matrix (Fe), as shown in the Fig. 3(a) , indicating the chemical compositions of each region. The oxides formed on surface are iron oxides and fayalite with the thickness of about several tens of nanometers. Both Fe2SiO4 and (Fe,Mn)2SiO4 formulas have an identical crystal structure, and a part of Fe atoms can be substituted with Mn atoms in the fayalite. 11, 24) The atomic configuration of the fayalite could be determined by HRTEM study, as described in the Fig. 4 where the "A region" marked in Fig. 3(a) was magnified. So far, there has been a few works where the atomic positions in the unit cell of fayalite were presented, 25, 26) but the direct imaging of atomic configuration of the fayalite with HRTEM imaging has never reported in electrical steel. A TEM image, an NBD pattern, and a HRTEM image of the fayalite with a zone axis of [10 1 -] known from a schematic model of Fig. 4(d) . Our experimental results have a good agreement with the previous theoretical models.
25,26)
Figure 5(a) is an HRTEM image of an interface between silica and Fe matrix. Even though 3 mass% Si was included in Fe matrix before decarburization, the Si atoms were diffused from the Fe matrix with O atoms and oxidized during annealing. Therefore, a Si EDS spectrum was not detected (Fig. 3(f) ). A phase of the Fe matrix is indexed as a ferrite with a body-centered cubic (BCC) structure (α-phase) in a beam direction of [11 -0] and the oxidized Si is the amorphous silica in Figs. 5(b) and 5(c), respectively.
The fayalite was formed in the surface region as shown in Fig. 3 . In addition, some fayalites with another shape was found in the middle region of an oxide layer within a depth of a micrometer from surface, with which a spherical silica was surrounded (Fig. 6(a) ). From a lot of electron micrographs, most of spherical silica particles were formed without fayalite on their outside as above mentioned (in Fig. 3 ) and a few of spheroid were surrounded with fayalite. It has been reported that whether the fayalite was formed on the surrounding of the silica particle, or not depends upon such thermodynamical conditions as furnace temperature, oxidation potential, or annealing time during decarburization. 19, 24) It is well-known that Si is more oxidized than Fe. Therefore, after the formation of thermodynamically stable silica particles, the fayalite was formed in the surrounding of the spherical silica particles with a reaction of Fe, Mn, and the already-formed silica with the additionally supplied oxygen. In the Fe-Mn-Si-O system, there are not only (Fe,Mn)2SiO4 of fayalite structure but also ferrosilite (FeSiO3), rhodonite (MnSiO3), or (Fe,Mn)SiO3 of an identical crystal structure. 27, 28) A stable phase of the equilibrium state under our annealing condition is fayalite ((Fe,Mn)2SiO4). 11) In Figs. 6(b) and 6(c), the HRTEM images obtained on interfaces of silica/fayalite and fayalite/Fe matrix are displayed, respectively. There is a defective region caused by stacking faults between silica and fayalite, as marked with arrows (see Fig. 6(b) ). An NBD pattern and a diffraction using Fast Fourier Transform (FFT; Gatan DigitalMicrograph software), which were obtained from the crystalline region in the HRTEM image of Fig. 6 (b), were attached in Fig.  6(b) , respectively. The crystalline region was identified as fayalite with the beam direction of [10 1 -] by the interpretation of the NBD and the FFT-DP. The lattice constants of the unit cell for fayalites are listed in (0.087 nm). 26, 29) The iron oxide in the HAADF STEM image of Fig. 3 (a) was identified by EELS and NBD (Fig. 7) . The atomic ratio of the iron oxide was determined as Fe:O = 1:1.04 approximately from a quantification result of EELS spectrum (see Fig. 7(a) ), which was coincident with the atomic ratio of Fe and O calculated from the quantification of the EDS spectrum in Fig. 3(e) . For the EELS quantification, Power Law and Hartree-Slater Method were utilized as a background removal model and a cross-section model, respectively. [30] [31] [32] [33] Fig. 7(b) is a NBD pattern from the iron oxide, which was interpreted as a mixture of Fe3O4 (magnetite) of a spinnel structure with a face-centered cubic (FCC) and FeO (wüstite) of a NaCl structure with FCC. The mixture of Fe3O4 and FeO indicates the atomic ratio of the iron oxide in the EELS and the EDS quantification data. In the cooling process after the decarburization, such iron oxides as Fe3O4 and FeO can be formed in the Si-deficient region, where the Si atoms were diffused from the Fe matrix into fayalite and silica. Figure 8 is the EDS elemental mapping micrographs acquired from surface of the decarburized electrical steel, where the distribution of each element is displayed with a HAADF STEM image of Fig. 8(a) .
Conclusions
Oxides formed in the subscales during the decarburization annealing of electrical steel were investigated by TEM analysis. HAADF STEM could be a powerful observation method to study the morphology of the oxide layers. Main oxides in the subscales were fayalite, iron oxides and silica, which were identified by EDS, NBD and EELS. The crystalline fayalites were located both in the surface region within several tens nanometers and in the region within a micrometer surrounding silica, and the atomic arrangement in the unit cell of the fayalite was observed with HRTEM imaging. The amorphous silica particles were found in the interface between the spherical silica and the iron matrix with a lamellar shape as well as in an upper region of the subscales with the shape of spheroid. In some case, iron oxides could be observed on surface of electrical steel. We have employed several analytical methods of TEM for the characterization of morphologies, microstructures and elemental compositions of subscales, and for the understanding of high temperature oxidation mechanisms toward the prospective researches in the field of electrical steel.
